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ABSTRACT 


It  is  important  in  many  kinds  of  scientific  and  technical  research  to  know  the 
color  temperature  of  a  source  of  light  because  for  many  common  fight  soun 
is  possible  to  deduce  from  the  value  of  color  temperature  the  relative  amounts  of 
energy  being  emitted  throughout  the  whole  spectrum.  Instead  of  measuring 
these  relative  spectral  energies  radiometrically  for  each  incandescent  lamp  sub- 
mitted for  standardization,  it  is  therefore  customary  to  compare  the  test  lamp  . 
color  with  a  standard  lamp  previously  tested  radiometrically;  that  is,  the  color 
temperature  of  the  test  lamp  is  determined  by  comparison  with  a  standard  Limp. 
This  comparison  has  been  carried  out  at  the  National  Bureau  of  Standards  by 
means  of  either  the  3°  circular  field  of  the  rotatory  dispersion  colorimeter  or  the 
6°  circular  field  of  the  Martens  photometer.  Preliminary  to  the  construction  of 
a  color  comparator  which  was  to  be  designed  to  permit  color  temperature  deter- 
minations with  a  maximum  of  precision  an  investigation  was  made  of  the  effect 
on  precision  of  various  observing  conditions.  The  conditions  investigated  included 
field  size,  width  of  dividing  line,  and  convenience  of  the  brightness  adjustment. 
It  was  found  that  the  simple  apparatus  used  for  these  preliminary  tests  could  be 
made  to  yield  color  temperature  determinations  of  more  than  double  the  precision 
previously  obtainable  by  visual  comparison  at  the  Bureau  of  Standards. 
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I.  INTRODUCTION 

It  has  been  found  by  experiment  that  the  relative  energy  distribu- 
tion from  many  common  incandescent  light  sources  is,  in  the  visible 
spectrum,  practically  identical  -with  that  from  a  Planckian  radiator, 
though  the  true  temperature  of  the  incandescent  filament  is  not 
generally  the  temperature  of  the  Planckian  radiator  giving  the  most 
nearly  identical  energy  distribution.  For  some  purposes  the  spectral 
distribution  of  energy  for  such  light  sources  may  be  satisfactorily 
specified  by  a  single  number,  the  "color  temperature,"  where  the  color 
temperature  of  a  light  source  is  defined  as  "the  temperatu:  ch  a 

Planckian  radiator  would  emit  radiant  energy  competent  to  evoke  a 
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color  of  the  same  quality  as  that  evoked  by  the  radiant  energy  from 
the  source  in  question."  1 

Kequests  for  the  calibration  of  incandescent  lamps  in  terms  of 
color  temperature  are  frequent.  Such  calibration  may  be  accom- 
plished by  direct  comparison  with  standard  lamps  in  a  suitable 
field  or  by  a  comparison  in  conjunction  with  the  Davis-Gibson  2 
filters  or  by  means  of  the  rotatory  dispersion  colorimeter,3  the  primary 
standard  lamp  having  been  established  by  radiometric  means. 

The  purposes  of  the  present  paper  are : 

To  give  a  preliminary  general  description  of  apparatus  suggested 
by  Irwin  G.  Priest 4  for  the  purpose  of  making  possible  color  tempera- 
ture determinations  of  incandescent  lamps  with  a  higher  degree  of 
precision  than  has  been  possible  with  the  rotatory  dispersion  colorim- 
eter, the  Martens  photometer,  or  other  color  comparators  commonly 
used  for  lamps.5 

I  To  present  results  of  precision  tests  with  the  new  apparatus  under 
various  observing  conditions  (differing  field  sizes,  differing  widths  of 
dividing  fine,  and  light  dividing  fine  v.  dark  dividing  line). 

To  compare  the  precision  obtained  by  means  of  the  new  apparatus 
with  that  obtained  by  the  3°  circular  field  of  the  rotatory  dispersion 
colorimeter,6  the  6°  circular  field  of  the  Martens  photometer,7  and 
the  4°  square  field  of  Priest's  monochromatic  colorimeter.8 

II.  APPARATUS 

Essentially  the  apparatus  consists  of  two  mat  surfaces  of  opal 
glass  set  at  an  angle  of  60°  and  viewed  by  reflected  light.  The 
surfaces  are  separated  by  a  sheet  of  lead  foil  so  that  light  falling  on 
the  one  can  not  contribute  to  the  brightness  of  the  other.  The 
line  of  intersection  of  the  two  surfaces  is  vertical  and  constitutes 
the  dividing  fine  of  the  photometric  field.  We  may  describe  this 
arrangement  as  an  opaque  60°  prism  (about  20  cm  high)  having  two 
mat  surfaces  of  high  reflectance,  and  shall  refer  to  it  simply  as  the 
prism.  Each  of  the  two  illuminating  beams  (quite  definitely  diverg- 
ing) strikes  its  prism  face  at  an  angle  approximately  30°  from  the 
normal.9  Since  the  prism  is  viewed  directly  from  the  front,  the 
direction  of  view  is  about  60°  from  the  normals  to  both  surfaces. 

J  !rwl.n  PT\Priest>  The  Colorimetry  and  Photometry  of  Daylight  and  Incandescent  Illuminants  by  the 
Method  of  Rotatory  Dispersion,  J.  Opt.  Soc.  Am.  and  Rev.  Sci.  Inst.,  7,  p.  1180;  1923. 

»  Raymond  Davis  and  K.  S.  Gibson,  Reproducible  Liquid  Filters  for  the  Determination  of  the  Color 
Iemperatures  of  Incandescent  Lamps,  Phys.  Rev.  (2),  29,  p.  916;  1927.  This  reference  cites  an  abstract; 
the  complete  paper  will  appear  as  a  Miscellaneous  Publication  of  the  National  Bureau  of  Standards. 

Irwin  (1  Priest,  Measurement  of  the  Color  Temperature  of  the  More  Efficient  Artificial  Light  Sources 
by  the  Method  of  Rotatory  Dispersion,  B.  S.  Sci.  Paper  No.  443, 18,  pp.  221-234;  1922. 

■  1  no  general  plan  and  many  of  the  details  of  the  apparatus  are  due  to  Mr.  Priest.  The  actual  construc- 
f  ion  was  carried  out  by  R.  S.  Hunter  and  J.  O.  Riley  with  some  assistance  from  the  shop.  Hunter  and 
Kiley  nave  also  collaborated  with  the  author  in  the  design  of  a  few  of  the  details. 

I  ne  rotatory  dispersion  colorimeter  has  a  circular  photometric  field  of  about  3°  diameter.  The  Martens 
Pi  ™  n  11°  r,  ?od  ,SA6 uc,rc1.0-  The  Lummer-Brodhun  contrast  photometer  field  is  elliptical  and  of  varying 
? 1  V<  L  ';  ,     U  '•  ,     instruments  are  monocular  and  involve  the  use  of  an  artificial  pupil.    The  hope 

fl«i    7V-or,  pIT£o  on  Wlth,tne  new  apparatus  was  based  largely  on  the  fact  that  it  was  to  provide  a  large 

,  i  (   ,    !y  ^  ,rectan8ular)  which  could  be  viewed  directly  with  both  eyes. 

•  Nee  footnote  L.  * 

.,h,  hJLX^S^l  Pbe£  ein.  neues  Polarisationsphotometer,  Phys  Zs.,  1,  pp.  299-303;  1900.    The  Martens 

piio  tomeU  r  referred  to  herein  is  made  by  Schmidt  and  Haensch. 

I'liriiv'.!1,,/ n%E£&  AI,I,:VlUusnfor  the  Determination  of  Color  in  Terms  of  Dominant  Wave  Length, 

•  Th,.  ,.   „      * S I  M0XSV  Ji  0p£  Soc-  Am-  and  Rev-  Sci-  Inst-  8,  PP.  173-200;  1924. 

th«  1  km,      i       lon  °»v  •  (,bsorvi"K  Beld  is  not  quite  uniform,  but  rather  increases  with  distance  from 

ilM.i  «,, i,r       \\lw  Mm*£Ile  ,,w<)  0,1,(>r  e(Jges  of  the  prism  are  generally  somewhat  closer  to  their  respective 

'  i.  nl  i    »  ,  T  an>  "'V'""!  Portions  of  the  half  fields.    Though  this  lack  of  uniformity  was  noticeable, 

m.  id, '  i  i J.  ,  ;  !U)  ,In,h,:iV1,,1°  '-"nsequences.  Most  of  it  could  be  overcome,  however,  by  making  the 
ho  nor  n  approximately  normal  to  the  respective  prism  faces  instead  of  approximately  at  30°  from 
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The  brightness  of  the  two  surfaces  may  be  adjusted  to  equality  by 
adjusting  the  distances  of  the  lamps  from  the  surfaces. 

Throughout  a  considerable  portion  of  the  preliminary  tests  the 
prism  faces  were  viewed  directly,  in  which  cases  the  tridimensionality 
of  the  field  was  more  or  less  apparent  (and  possibly  disturbing)  to 
the  observer.  The  two  outer  edges  of  the  prism  and  its  supports 
were  hidden  from  the  observer  by  a  limiting  diaphragm  in  the  plane 
of  the  dividing  line  perpendicular  to  the  line  of  sight.  By  varying 
the  size  of  the  opening  of  this  diaphragm  the  held  size  could  be 
changed  at  will  up  to  a  rectangle  17°  vertical  by  20°  horizontal  for 
an  observing  distance  of  35  cm.  For  the  remainder  of  the  tests 
the  aperture  of  this  diaphragm  was  covered  with  a  translucent 
screen  (tissue  paper  or  a  glass  plate  ground  on  one  side).  It  is  to 
be  expected  that  the  use  of  such  a  field  would  avoid  the  possib  y 
disturbing  effects  introduced  by  the  tridimensionality  of  the  field 
when  the  prism  is  observed  directly.10 

For  neither  the  prism  field  nor  the  flat  field  could  tne  lme  ot 
division  between  the  two  halves  of  the  field  be  made  to  disappear; 
there  was  a  dividing  line  of  brightness  perhaps  0.6  that  of  the  field 
and  of  width  about  0.5  mm.11 

The  adjustment  of  brightness  by  movement  of  the  lamps  was 
facilitated  by  placing  them  on  carriages.  By  turning  a  small  crank 
held  between  thumb  and  forefinger  the  observer  can  cause  one  lamp 
to  approach  the  prism  and  the  other  to  recede.  This  brightness 
adjustment  is  considerably  facilitated  by  the  use  of  ball  bearings 
throughout  the  mechanism.  It  has  long  been  recognized  that  con- 
venience in  making  the  brightness  adjustment  is  an  important  factor 
in  obtaining  high  precision  of  any  setting  which  depends  on  making 
a  chromaticity  (hue  and  saturation)  match.  Some  observers  lor  their 
best  sensibility  even  require  the  brightness  to  be  oscillated  about  the 
match  point  with  an  amplitude  of  5  or  10  per  cent  and  a  period  o± 
perhaps  a  second.  Preliminary  tests  indicate  that  the  device  incor- 
porated in  the  new  comparator  for  adjustment  of  brightness 
approaches  in  convenience,  but  does  not  equal,  that  of  the  Martens 

photometer.  ,  .     , .,        „,         u 

The  lamps  were  operated  on  storage-battery  circuits.  1  he  voltages 
applied  to  the  lamps  were  controUed  by  rheostats,  a  rough  adjustment 
and  a  fine  adjustment  being  provided  . 

The  immediate  surroundings  of  the  field  were  not  black,  but 
rather  a  fairly  dark  gray.  The  room  lights  (screened,  of  course, 
from  the  prism)  were  kept  burning  during  all  observations  bince  tne 
distance  of  the  observing  eye  (or  eyes)  was  not  controlled  exactly 
(no  head  support  was  used)  the  field  size  specified  by  the  angle 
subtended  by  the  diameter  was  not  constant;  it  may  have  varied  at 
particular  times  from  the  average  values  given  by  as  much  as  10 
per  cent.  j 

to  The  use  of  the  translucent  screen  restricts  thTa^ic^ .of "the [^W"1"  JJ^SSlSa^ 
determination  to  lamps  of  nearly  the  same  <»nge  mw^   "  ^idratt  hat  ^.1)  n^one  lamp  ^nsiacjawy 

good  approach  to  planeness.     They  warped  |"^OTUfJKi'"n(J*  the  opal  glass  was  so  brittle  that  any 

at?eWr,orce\£eT»^^^^ 

a  piece  of  lead  foil  was  inserted  between  the  two  plates. 

15377°— 30 13 
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III.  METHOD  OF  PROCEDURE 

In  all  settings  the  right  half  of  the  field  was  illuminated  by  light 
from  a  400-watt  Mazda  projection  lamp  at  a  voltage  of  80.0  which 
yielded  a  color  temperature  of  about  2,700°  K.  The  observer's 
left  hand  rested  on  the  rheostat  knob  by  which  the  applied  voltage 
of  the  comparison  lamp  (also  a  400-watt  Mazda  projection  lamp) 
illuminating  the  left  half  of  the  field  was  controlled ;  the  right  hand 
grasped  the  crank  by  which  the  relative  brightness  was  adjusted.  In 
general,  the  observer  was  required  to  make  30  settings  without  rest, 
first  10  median  settings,  then  10  settings  of  "  greatest  imperceptible 
difference"  (GID),  and  finally  10  settings  of  "least  perceptible  dif- 
ference" (LPD).  Then  the  observer  rested  while  some  change  was 
made  in  the  experimental  conditions.  It  was  hoped  (and.  this  hope 
was  reasonably  well  realized)  that  reliable  information  concerning 
the  precision  of  settings  of  color  temperature  could  be  obtained  from 
30  such  settings. 

For  the  median  settings  the  observer  adjusted  the  applied  voltage 
of  the  comparison  lamp  so  that  its  color  temperature  was  noticeably 
too  high,  then,  as  nearly  as  he  could  judge,  about  equally  too  low. 
After  a  few  such  trial  adjustments  of  the  rheostat,  he  endeavored  by 
the  kinaesthetic  sense  to  strike  the  mean  position.  When  the  observer 
was  satisfied  that  the  setting  was  neither  too  high  nor  too  low,  the 
applied  voltage  was  recorded  as  a  median  setting. 

For  the  GID  settings  the  observer  adjusted  the  applied  voltage  of 
the  comparison  lamp  so  that  its  color  temperature  was  noticeably 
too  high;  then  he  decreased  the  applied  voltage  by  small  steps  until 
(perhaps,  on  the  fifth  or  sixth  step)  the  color  temperatures  of  the  lamps 
appeared  to  be  equal.  This  voltage  was  recorded  as  a  high  GID 
setting.  Then  the  observer  made  a  low  GID  setting.  Five  such  pairs 
made  up  the  10  GID  settings. 

For  the  LPD  settings  the  observer  adjusted  the  applied  voltage  of 
the  comparison  lamp  so  that  its  color  temperature  was  noticeably  too 
low;  then  he  increased  the  applied  voltage  by  small  steps  until,  after 
having  passed  through  the  "match  point,"  the  color  temperature  of 
the  comparison  lamp  appeared  to  be  just  noticeably  too  high.  This 
voltage  was  recorded  as  a  high  LPD  setting.  Then  the  observer  made 
a  low  LPD  setting.    Five  such  pairs  made  up  the  ten  LPD  settings. 

Undoubtedly  the  precision  of  setting  for  a  color  match  depends 
upon  the  physiological  condition  of  the  observer  at  the  moment  of 
making  the  observation,  and  the  precision  is  usually  assumed  to 
increase  il  the  condition  be  better,  but  we  can  not  be  sure  that  a  sick 
observer  would  make  less  precise  settings  than  a  well  one,  nor  do  we 
know  that,  an  observer  just  arising  from  a  night's  sleep  would  make 
better  Bettings  than  one  who  had  been  observing  several  hours.  There 
seems  to  be  a  tendency  for  the  first  group  of  settings  made  to  be  less 
precise  than  those  which  follow  immediately  thereafter.  Such  a 
i<in<lenev  has  been  called  the  "practice  effect'-  though  it  is  probable 
tnat  adaptation  of  the  visual  mechanism  to  the  stimulus  is  an  impor- 
tin1  factor  also.  There  is  a  further  tendency  for  the  last  of  a  long 
series  o  -roups  to  have  a  lower  precision  than  those  which  precede  it. 
Such  a  tendency  has  been  called  the  "fatigue  effect,"  but  it  may  well 
be  due  to  a  relaxing  of  the  observer  as  the  end  of  his  task  approaches. 
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The  concepts  of  "practice"  on  the  one  hand  and  "fatigue"  on  the 
other  are  bound  to  be  more  or  less  successful  as  explanations,  because 
a  change  in  precision  which  the  one  fails  to  account  for  can  be  accounted 
for  by  assuming  the  presence  of  the  other.  Perhaps,  it  is  nearer  the 
truth  merely  to  say  that  precision  of  setting  for  a  color  match  is 
subject  to  irregular  fluctuations  (hourly,  daily,  monthly,  and  long- 
time) of  obscure  cause  which  are  at  the  same  time  too  laige  and  too 
consistent  to  be  random  variations  accounted  for  by  the  theory  of 
errors.  At  any  rate,  the  task  of  making  many  settings  for  color  match 
of  the  utmost  precision  requires  a  very  happy  balance  between  tension 
and  relaxation.  The  observer  must  maintain  a  steady  pace  that 
permits  each  setting  to  be  the  result  of  composed  as  well  as  concen- 
trated effort. '  Distractions  and  the  complete  exclusion  of  distractions 
alike  contribute  to  error;  the  former  tend  toward  too  little  concentra- 
tion, the  latter  toward  too  much.  Any  factor  which  the  observer 
believes  to  be  important  constitutes  a  distraction  that  really  is  im- 
portant and  deserves  immediate  attention. 

Furthermore,  the  observer  must  be  interested  in  the  observations, 
must  believe  that  they  are  important,  and  must  have  confidence 
in  his  ability  to  carry  the  observations  to  a  conclusion  without  inter- 
ruption and  without  altering  his  pace.  Every  effort  was  made  both 
to  reduce  the  amplitude  of  the  fluctuations  and  to  avoid  vitiation  of 
the  results  by  such  fluctuations  in  precision  as  did  occur.  Long- 
time fluctuations  were  avoided  because  the  observations  all  were 
taken  within  four  weeks  (July  20  to  August  14,  1929).  The  effect 
of  monthly  and  daily  fluctuation  was  avoided  to  a  great  extent  by 
reason  of  the  fact  that  each  stimulus  variable  (for  example,  field 
size  or  width  of  dividing  line)  was  investigated  throughout  its  entire 
range  within  a  single  day.  Hourly  fluctuations  (the  "practise"  and 
"fatigue"  effects)  were  rendered  unimportant  both  by  the  order 
adopted  for  the  taking  of  settings  and  by  taking  a  large  number  of 
settings. 

IV.    EXPERIMENTAL    RESULTS    AND    INTERPRETATION 

Two  measures  of  sensibility  to  change  in  color  temperature  have 
been  used:  (1)  The  probable  error  of  a  single  observation  computed 
from  a  group  of  10  observations  (labeled  PEBlQgie),  and  (2)  the  "just 
doubtful  difference."  12 

The  probable  error  of  a  single  observation  was  computed  by  means 
of  Peter's  approximation  formula : 13 

where  2  \v\  is  the  arithmetical  sum  of  the  residuals  computed  from 

»  This  measure  of  sensibility  was  introduced  by  Priest  (Irwin  G.  Priest  and  F.  O.  Brickwedde,  The 
Minimum  Perceptible  Colorimetric  Purity  as  a  Function  of  Dominant  Wave  Length  with  Sunlight  as 
Neutral  Stimulus,  J.  Opt.  Soc.  Am.  and  Rev.  Sci.  Inst.,  13,  p.  306;  192C),  and  is  denned  as  the  mean  between 
the  GID  and  the  LPD,  see  below.  It  may  be  shown  from  the  classical  theory  of  errors  that  the  "just 
doubtful  difference"  is  a  measure  of  sensibility  less  dependent  on  observing  habits  than  either  the  "greatest 
imperceptible  difference"  or  the  "least  perceptible  difference"  from  which  it  is  derved.  The  "just  doubt- 
ful difference"  has  been  embodied  in  a  new  unit  of  saturation,  the  "satron,"  introduced  by  Priest,  see 
footnote  25,  p.  1176. 

"  J.  W.  Mellor,  Higher  Mathematics,  London,  Longmans-Green,  p.  516;  1905. 
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the  arithmetical  mean,  and  n  is  the  number  of  settings.  For  the  me- 
dian settings  the  formula  becomes  (71=  10): 

PEslngle  =  0.0891  2|»|  (Median) 

For  the  GID  and  LPD  settings  we  compute  residuals  about  the  mean 
of  the  five  high  and  the  mean  of  the  five  low  settings.  The  probable 
error  of  a  single  observation  is  taken  as  the  mean  of  the  probable 
errors  computed  for  each  five  settings  separately  (n=  5)  which  results 
in  the  formula: 

P#8ingie  =  0.0945  (2Whlgh  +  2Miow)     (GID  and  LPD) 

From  the  classical  theory  of  errors  there  is  reason  to  believe  that 
both  the  GID  and  the  LPD  settings  should  result  in  greater  precision 
than  median  settings.  The  ratio  of  the  probable  error  of  a  GID 
setting  to  that  of  a  median  setting  was  predicted  on  the  basis  of  the 
theory  to  fall  between  0.63  and  0.76  for  acceptable  observing  tech- 
nique. The  mean  of  120  observations  taken  during  the  first  week  of 
the  experiment  (observer  DBJ,  field  size  16°  or  larger)  gave  0.68  for 
this  ratio.  Prevoius  work  reported  by  Priest  and  Judd  on  sensibility 
to  dominant-wave-length  change  (see  footnote  18,  p.  1170)  gives  0.76 
for  this  ratio.  It  was  also  found  from  similar  data  that  the  probable 
error  of  a  single  LPD  setting  was  0.81  of  the  probable  error  of  a  single 
median  setting.14  In  spite  of  the  expected  slight  inferiority  of  the 
median  setting^  which  was  furthermore  experimentally  realized  by 
observer  DBJ,  it  was  nevertheless  deemed  superfluous  to  take  this 
into  account  because  each  individual  value  is  subject  to  considerable 
uncertainty; 15  the  average  of  the  probable  errors  by  all  three  methods 
of  setting  was  taken  as  a  measure  of  the  precision  actually  attained 
under  the  experimental  conditions. 

The  "just  doubtful  difference"  is  labeled  (GID  +  LPD)/2,  and  as 
the  label  implies  is  the  mean  of  the  greatest  imperceptible  difference 
(GID)  and  the  least  perceptible  difference  (LPD).  The  GID  is  one- 
lialf  the  difference  between  the  mean  of  the  five  high  GID  settings  and 
the  mean  of  the  five  low  GID  settings.  Similarly,  the  LPD  is  one- 
half  the  difference  between  the  mean  of  the  five  high  LPD  settings 
and  the  mean  of  the  five  low  LPD  settings.  The  "just  doubtful 
difference"  (GID  +  LPD)/2,  may  in  a  sense  be  taken  as  a  measure  of 
the  sensibility  which  the  observer  believes  he  is  obtaining.  With 
constant  experimental  technique  it  is  reasonable  to  expect  that  the 
actual  experimental  sensibility  (measured  by  the  average  PEelaglp  by 
ilif  three  methods  of  setting)  will  be  proportional  to  the  sensibility 
which  Ihe  observer  believes  he  is  attaining  (measured  by  the  (GID  + 
LPD)/2).     See  Table  2  for  experimental  tests  of  this  proportionality. 

mtio  has  not  been  worked  out  theoretically. 
J!,vE^f  probabJe  er.ror,  of  these  probable  errors  is  quite  high— about  0.16  of  the  values,  themselves.    The 
Fi.S2!m  .  •  err°r  .,  a  ?muKle  GID  settiu8  was  actually  greater  than  the  probable  error  of  a  single  median  setting 
sixteen  times  out  of  the  43  groups  of  observations  permitting  this  comparison. 
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Table  1. — Summary  of  determinations  of  sensibility  to  change  in  color  temperature 

OBSERVER,  DBJ 


Date 

PE  single 

volts 

(GID+LPD)/2 
volts 

Eyes 

Field 
site, 

degrees 

Right 

Left 

Both 

Remarks 

f        0.86 
\          .43 
I          .23 

f        1.09 
1          .49 
|          .54 
I          .34 

[          .46 
1           .42 
1           .28 
I          -41 

f          .26 

.25 

1          .28 

I          .21 

f          .18 
.19 
.13 

I          .18 

f          .49 
.31 
.23 
.33 
.20 
.19 

f          .50 

.56 
.36 
.50 
.22 
.20 

f          .43 
I          .14 
|          .22 
I          .10 

f          .20 
{          .12 
I          .18 

3.30 
1.36 
.61 

3.84 
1.32 
1.91 
1.00 

1.30 

1.47 
1.22 
1.18 

.68 
.66 
.70 
.82 

.72 
.59 
.64 
.55 

1.36 
1.10 
.92 
1.04 
.60 
.66 

1.70 
1.40 
1.14 
1.08 

.67 
.68 

1.40 
.86 
.72 
.32 

.40 
.50 

.48 

X 
X 
X 

X 
X 
X 
X 

1 

4 

16. 

1 

16 

16 

16. 

6 

6 

6. 

6 

16 

6 

6 

16 

17  by  20. 
17  by  20- 
17  by  20. 
17  by  20. 

4... 

4 

6 

6 

16 t. 

16_ 

4 

4... 

6 

6 

16 

16 

16 

16 

16 

17  by  20. 

17  by  20- 
17  by  20- 
17  by  20- 

Julv  20 

5  mm  div.  black. 

July  23 

X 
X 
X 
X 

X 
X 
X 
X 

:::::: 

Martens,  no  circle. 
Left  eye  bandaged. 

Do. 
Martens,  no  circle. 

Left  eye  bandaged. 
Martens,  optimum. 

Do 

Left  eye  bandaged. 

X 

July  27 

X 
X 

X 
X 

"x" 

July  29 

X 

— 

X 

X 

X 
X 

..„.. 
...... 

July  30 

---_- 
.._.._ 

::::;: 

X 

X 
X 
X 
X 

X 
X 
X 

19  mm  div.  white. 

5  mm  div.  white. 

Tissue  paper  screen. 

Do. 

August  2 

Ground  glass  screen. 

Do. 

OBSERVER,  IGP 


0.25 
.24 
.24 

.25 
.20 
.82 


.25 
.29 


.63 
.73 

.64 
.84 
1.23 

.90 


X 
X 
X 

X 
X 
X 

X 
X 

X 
X 

4 

6 

16 

16 

4 

1 

6 

16 

16.. 

6.-„ 

6 

6. 

X 
X 

Ground  glass 
Do. 
Do. 

Do. 

Do. 

No  screen. 

Ground  glass  screen. 
Do. 

Do. 
Do. 

Martens,  optimum. 
Do. 


In  Table  1  may  be  found  a  summary  of  all  the  results  on  which 
this  report  is  based.  The  remainder  of  the  paper  consists  of  an  analy- 
sis and  discussion  of  these  results.  The  first  column  gives  the  date 
of  observation;  the  second  column  gives  the  P^iingie  in  terms  of 
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volts  based  on  30  settings  (except  for  the  days  July  30,  August  1 
and  2  when  only  20  settings,  10  GID  and  10  LPD  settings,  are  rep- 
resented). The  third  column  gives  the  "just  doubtful  difference " 
in  terms  of  volts.  The  last  column  serves  to  specify  whether  the 
prism  of  opal  glass  was  viewed  directly  (usually  no  remark)  or  whether 
there  was  a  translucent  screen  placed  perpendicular  to  the  line  of 
sight  in  the  plane  of  the  prism  edge  (tissue  paper  screen,  ground  glass 
screen),  whether  the  Martens  photometer  was  used  in  the  usual  way 


O.I2 


.10 


~      .08 


.06 


.04 


.02 


Observer  DBJ.  Prism  Field 
*--*  Observer  IGP.  Flat    Field 


The  number    near  each 
plotted    point    gives 
the  number  of  settings 
represented 


20 


0  5  ,o  ,5 

Size  of  circular    field-- degrees. 

Fioure  1  —  Precision  as  a  function  of  field  size  indicated  on   the 
spectral  centroid  scale  by  the  probable  error  of  a  single  observation 

(Martens,  optimum)  or  with  brightness  adjustment  by  means  of  the 
lamp  distances  rather  than  by  rotation  of  the  circle  (Martens,  no 
circle),  whether  (when  the  right  eye  was  used  alone)  the  left  eye 
was  kept  closed  by  a  bandage  around  the  head  (left  eye  bandaged) 
or  was  shielded  from  the  observing  field  by  a  gray  screen  fastened 
over  the  left  spectacle  lens  (no  remark),  and  whether  the  dividing 
une  was  light  gray  and  0.5  mm  wide  (no  remark)  or  light  gray  of 
some  indicatecTwidth  (5  mm  div.  white)  or  dark  gray  of  some  indicated 
width  (5  nun  div.  black). 
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1.  SENSIBILITY  AS  A  FUNCTION  OF  FIELD  SIZE 

Figure  1  shows  the  average  PEBlngle  plotted  for  each  observer 
against  field  size.  The  largest  field  was  17°  by  20°  rectangular,  and, 
since  the  other  fields  were  circular,  the  values  corresponding  to  this 
rectangular  field  were  plotted  (somewhat  arbitrarily)  at  20°  because 
that  seemed  to  be  the  size  of  circular  field  corresponding  as  far  as 
sensibility  is  concerned  to  the  17°  by  20°  rectangular  field.  Figure  2 
shows  the  average  "just  doubtful  difference"  plotted  against  field 
size.  For  observer  DBJ,  only  results  for  which  the  prism  was  viewed 
directly  were  considered.     About  half  of  these  observations  were  with 


J  V 

O40 

o— ©Observer   DBJ,  Prism  field 
*~x  Observer   I  GP,  Fiat    field 

3,40 

-       1 

The  number  near   each 

I 

a 
K 

plotted    point    gives  the 
number   of    settings 

O 

to 

£    30 

i_ 

t) 

\ 
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1 

♦ 

a 

5 

^20 

\ 
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S 

V 
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x40 
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i 
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Figube  2. — Precision  as  a  function  of  field  size  indicated  on  the 
spectral  centroid  scale  by  the  "just  doubtful  difference 

binocular  vision  and  half  with  monocular  vision  as  may  be  seen  from 
Table  1.  For  observer  IGP,  the  flat  field  and  binocular  vision  were 
used  in  all  results  considered.  The  dividing  lme  for  all  values  plotted 
in  Figures  1  and  2  was  fight  gray  and  about  0.5  mm  wide  and  sub- 
tended about  0.08°  at  the  average  observing  distance  oi  35  cm.  As 
will  appear  later  (Fig.  3)  the  effect  of  this  line  on  sensibility  to  color- 
temperature  change  is  negligible.  The  values  averaged  were  weighted 
according  to  the  number  of  settings  represented.  The  ordinates  ot 
Figures  1  and  2  are  plotted  in  terms  of  the  spectral  centroid  ot  light 
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(Xc)16  in  mju.  By  calibration  of  the  lamp  we  used  in  terms  of  the  spectral 
centroid  of  light  it  was  found  that  at  79  volts,  1  volt  corresponded  to 
a  change  in  Xc  of  0.133  niju;  the  results  summarized  in  Table  1  were 
multiplied  by  this  factor  in  order  to  express  them  on  the  Xc  scale. 

The  function  of  probable  error  against  field  size  might  be  expected 
to  approximate  a  hyperbola;  that  is,  the  probable  error  must,  of 
necessity,  rise  to  infinity  for  zero  field  size,  and,  unless  stimulation  of 
the  periphery  actually  interferes  with  the  use  of  the  more  central 
regions  of  the  retina  (which  seems  scarcely  probable),  the  probable 
error  should  approach  more  and  more  nearly  its  lowest  value  as  the 
field  size  approaches  that  of  the  visual  field  itself.  Examination  of 
Figures  1  and  2  shows  that  both  the  probable  error  and  the  "just 
doubtful  difference"  (particularly  for  observer  DBJ)  give  a  curve 
with  field  size  that  is  roughly  hyperbolic.17  The  points  for  observer 
IGF  do  not  follow  any  regular  curve  very  satisfactorily.  There  is 
a  decided  gain  in  sensibility  for  field  sizes  4°  and  6°  over  that  for  1°, 
but  for  further  increase  in  field  size  the  sensibility  seems  to  remain 
substantially  constant,  although  the  observer  preferred  the  large 
fields  and   thought  his  precision  with  them  was  distinctly  better. 

Table  2  evaluates  from  the  data  which  are  plotted  on  Figures  1  and 
2  the  ratio  of  the  "just  doubtful  difference"  to  the  probable  error 
of  a  single  observation  (GXD  +  LPD)/2PE'SIngle.  It  may  be  seen  that 
the  approach  to  constancy  of  this  ratio  is  considerably  better  for 
observer  DBJ  than  for  observer  IGP,  but  this  is  at  least  partially 
due  to  the  larger  number  of  settings  made  by  DBJ.  (Figs.  1  and  2.) 
This  ratio  has  been  evaluated  from  more  extensive  data  (six  observ- 
ers on  the  dominant  wave  length  of  Lovibond  35Y)18  which  gave 
3.56;  and  from  much  more  extensive  unpublished  data  (the  same 
six  observers  on  the  dominant  wave  lengths  of  45  filters,  more  than 
8,000  settings)  which  gave  3.21.  This  ratio  is  expected  on  the  basis 
of  the  theory  of  errors  to  vary  according  to  the  size  of  the  stimulus 
increments  and  the  number  of  scrutinies  of  the  field  which  precede 
a  judgment.     The  value  of  the  ratio,  3.3,  corresponds   to   average 


io  The  spectral  centroid  of  light,  being  a  general  parameter,  is  naturally  of  more  interest  than  scale  voltage 
of  our  particular  lamp.  It  possesses  a  unique  importance  here  because  of  the  discovery  by  Priest  (The  Color- 
.  ;ind  Photometry  of  Daylight  and  Incandescent  Illuminants  by  the  Method  of  Rotatory  Dispersion* 
J.  Opt.  Soc.  Am.  and  Rev.  Sci.  Inst.,  7,  pp.  1]  90-1191;  1923)  that  the  observational  precision  of  measurement 
of  Xc  is  approximately  constant  independent  of  color  temperature.  It  is  of  interest  to  quote  a  few  para- 
graphs from  Priest's  paper. 

•    To  state  this  somewhat  more  concretely,  the  probable  error  of  Xe  as  computed  from  the  ob- 

:   r  ed  residuals     *  in  any  set  of  observations,  is  constant;  that  is,  independent  of  the  particular 

of  Xr  (or  color  temperature)  being  measured.     This  statement  is  based  on  a  very  large  amount  of 

al  ional  data  which  can  not  be  reproduced  here;  but  these  data  warrant  the  statement  with  the  follow- 

ilincations: 

o  ^J  Tt,iat  the  "HJ.ee  of  color  temperature  actually  covered  by  the  experimental  data  lies  between  about 

mp I  '20,000°  K.    (The  author  is  of  the  opinion  that  substantially  the  same  probable  error  would  be 

or  temperatures  between  2,000°  and  3,000°.)" 

a  tests  have  amply  borne  out  this  opinion.    When  expressed  in  terms  of  spectral  centroid  of 
elusions  may  be  taken  to  apply  to  a  wide  range  of  black-body  colors  instead  of  merely 
to  the  restricted  neighborhood  of  2,700°  at  which  the  observations  were  taken.    Wecontinueto  quote  from 
,>:iper: 

onstancy  in  this  case  is  meant  that  the  probable  error  of  a  single  observation  lies,  in  general, 
n  0.  i  and  0.2  millimicrons  without  showing  any  indication  of  svstematic  variation  with  temperature. 
only  to  certain  experimental  conditions.    Absolutely  smaller  probable  errors  can  prob- 
ted  under  improved  conditions  of  observation." 

t.a  gratifying  extent  this  prediction  has  been  realized.    Under  optimum  conditions, 
:  iratus  has  permitted  observations  having  a  probable  error  for  a  single  setting  of  but  0.02  mu. 
Imosl  of  a  diilerent  order  of  precision;  the  probable  errors  are  less  than  one-fifth 
'  in  Priest's  1923  paper. 

of  t  be  curves  on  Figures  1  and  2  is,  as  has  already  been  pointed  out,  to  be  expected.     In 
appear  presently  (Table  2),  the  probable  error  of  a  single  observation  and  the  "just  doubtful 
enoe     are  for  observer  DBJ  very  nearly  proportional. 

I  O.  Priest  and  D.  B.  Judd,  Sensibility  to  Wave- Length  Difference  and  the  Precision  of  Measurement 
p  137UOT71  6  Lenglh  f,,r  Vcllow  Colors  of  Hi6h  Saturation,  J.  Opt.  Soc.  Am.  and  Rev.  Sci.  Inst.,  14, 
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observing  technique  and  between  2  and  3  scrutinies.  We  make  use 
of  this  proportionality  in  reducing  the  none  too  numerous  data  of 
the  next  subsection. 

Table  2. — The  "just  doubtful  difference"   compared  to  the  probable  error  of  a 

single  observation 


Observer 

Field 

size, 

degrees 

GID+LPD 

2 
volts 

-P-Esindo 

volts 

GID+LPD 
2PEeiae\e 

DBJ 

[               1 

4 

\                 6 

16 

I    17  by  20 

3.57 
1.38 
1.14 
.67 

.62 

0.98 
.45 
.34 
.22 

.17 

3.64 
3.07 
3.35 
3.05 
3.65 

Mean 

3.35 

IGP 

f                1 

4 

1                  6 

I               16 

1.23 
.90 

.68 
.68 

.82 
.22 
.30 
.26 

1.50 
4.09 
2.27 
2.62 

Mean 

2.62 

2.  SENSIBILITY  AS  A  FUNCTION  OF  WIDTH  OF  THE  DIVIDING  LINE 

Figure  3  shows  that  sensibility  falls  off  rapidly  with  increasing 
width  of  a  dividing  line  which  contrasts  sharply  with  the  field.  If 
the  contrast  is  not  sharp  the  loss  in  sensibility  is  considerably  less 
rapid.  It  is  seen  that  no  loss  in  sensibility  need  be  ascribed  to  the 
0.5  mm  light  gray  dividing  line  which  was  present  throughout  the 
whole  series  of  observation  even  with  the  1°  (7  mm)  field.19 

3.  IMPORTANCE  OF  THE  SUBSTITUTION  METHOD 

Since  nothing  has  been  said  of  the  means  about  which  the  residuals 
for  the  probable  errors  have  been  taken  it  might,  perhaps,  be  assumed 
that  these  mean  values  showed  only  such  variation  among  themselves 
(lamp  No.  2  illuminating  the  right  field  was  always  kept  at  a  voltage 
of  80.0)  as  would  be  expected  from  their  probable  errors,  but  such  is 
far  from  the  case.  Although  the  means  taken  under  identical  ex- 
perimental conditions  agreed  excellently  well,  a  change  (for  example) 
from  observation  of  the  17°  by  20°  field  with  both  eyes  to  observation 
of  the  same  field  with  the  right  eye  brought  a  difference  of  1  volt 
between  the  two  means  of  60  settings  each.  Since  the  probable  error 
of  the  difference  was  found  to  be  but  0.04  volts,  it  is  plain  that  this 
difference  is  not  ascribable  to  random  variations;  in  fact,  it  will  occur 
on  a  purely  chance  basis  only  about  once  in  1044.  An  analysis  of  all 
the  data  taken  before  July  30  showed  some  definite  regularities  that 
are  illustrated  in  Figure  4. 

It  is  seen  that  the  use  of  the  right  eye  never  required  the  lamp 
illmninating  the  left  half  of  the  field  to  be  operated  at  as  high  a  voltage 
for  a  color  match  as  the  use  of  both  eyes.  Furthermore,  this  differ- 
ence in  voltage  increases  for  smaller  field  sizes  in  a  regular  fashion.20 

"  Although  the  ordinate  of  Figure  3  is  labeled  PEeioe\c  the  actual  numbers  plotted  were  obtained  by  taking 
the  average  of  the  PE  aiDgie  and  1/3.3  times  the  "just  doubtful  difference."     By  virtue  of  the  equi  • 
of  these  two  quantities  (Table  2)  for  observer  DBJ,  the  resulting  average  was  labeled  P^.ingiel  It  might, 
with  equal  applicability  have  been  labeled  1/3.3  times  the  "just  doubtful  difference. 

2«  Since  this  difference  is  found  to  be  roughly  proportional  for  all  field  sizes  to  the  probable  error  of  a 
observation,  it  is  just  as  significant  (though  of  smaller  absolute  value)  for  the  20  field  as  for  the  4  . 
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It  is  also  true  (though  less  precisely  established)  that  use  of  the  left 
eye  requires  an  even  higher  applied  voltage  for  the  lamp  illuminating 
the  left  half  of  the  field  than  both  eyes.21  The  curve  for  both  eyes 
falls  (except  for  one  not  too  well-determined  point)  between  that  for 
the  left  and  that  for  the  right  eye,  being,  however,  distinctly  closer 
to  that  for  the  left  eye.  This  circumstance  leads  immediately  to  the 
conclusion  that  when  both  eyes  are  being  used  the  left  eye  is  the 
dominant  one.  Such  a  conclusion  seems  strange  because  the  author 
habitually  uses  his  right  eye  in  close  observation  so  much  that  he 
finds  some  difficulty  in  fixating  with  his  left  eye  alone;  perhaps,  the 
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Figure  3. — Probable  error  of  a  single  observation  as  a  function  of 
width  of  dividngi  line  relative  to  diameter  of  the  field 

Note  that  a  black  dividing  line  although  quite  narrow  reduces  precision  consider- 
5il»  -ll a  ilne  of.snla11  contrast  may  be  as  wide  as  one-tenth  the  diameter  of  the 
held  without  causing  much  loss  in  precision. 

ejrplanation  is  to  be  found  in  the  fact  that  many  of  the  observations 
which  go  to  determme  the  curve  for  both  eyes  (Table  1,  July  27  and 
29)were  made  with  the  right  eye  fatigued  by  previous  observation. 

Whatever  the  ultimate  explanation  of  these  results,  apparently  we 
must  conclude  the  immediate  cause  to  be  that  the  nasal  halves  of  the 
authors  fovea]  and  parafoveal  retinal  regions  were  yellow  sensitive 
compared  to  the  temporal  halves.  The  argument  is  as  follows:  In 
i  &e  arst  place  we  speak  of  the  retinal  region  near  the  optic  axis  of  the 
ratner  than  of  that  of  the  whole  eye  because  the  discrepancy 

JStfr  Jhc^tw'ap.Jaraius0110  beCaUS6  (Table  »  °b6erVer  IQP  did  DOt  employ  m°*°cular 
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between  the  eyes  decreases  as  more  and  more  of  the  outlying  retinal 
regions  come  into  function.  #  The  fact  that  the  use  of  the  region  near 
the  left  fovea  required  a  high  applied  voltage  on  lamp  No.  1  for  a 
color  match  leads  to  the  conclusion  that  the  half  of  the  retina  of  the 
left  eye  illuminated  by  that  lamp  must  have  been  yellow  sensitive 
compared  to  the  other  half.    But  lamp  No.  1  illuminated  the  loft  half 
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Figure  4. — An  illustration  of  the  variation  in  voltage  required 
to  produce  a  color  match  which  is  to  be  ascribed  to  asymmetry 
of  retinal  sensitivity  about  the  vertical  median  line 

The  importance  of  using  a  strict  substitution  method  in  comparing  lamps  as  to 
color  temperature  is  emphasized. 

of  the  field  which,  in  turn  was  imaged  mostly  22  on  the  nasal  half  of 
the  central  retina  of  the  left  eye.    Hence,  the  nasal  half  oi  the  central 
retina  of  the  left  eye  must  have  been  relatively  yellow  sensitive 
Since  the  use  of  the  right  eye  required  a  low  applied  voltage,  the  hall 
of  the  central  retina  of  the  right  eye  affected  by  lamp  No    lmus 
have  been  blue-sensitive.    But  lamp  No.  1,  illuminating  the  lelt  hall 

«  Entirely  except  for  excursions  of  the  fixation  point  from  the  dividing  line. 
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of  the  field,  affected  the  temporal  half  of  the  central  retina  of  the 
right  eye.  Hence,  the  temporal  half  of  the  central  retina  of  the  right 
eye  must  have  been  blue  sensitive  relative  to  the  other  half.  But 
this  is  just  another  way  of  saying  that  the  nasal  half  of  the  central 
retina  of  the  right  eye  was  relatively  yellow  sensitive.  A  short  way 
of  stating  both  conclusions  is  to  say  that  the  nasal  halves  of  the 
central  portions  of  both  the  author's  retinae  were  yellow  sensitive 
relative  to  the  temporal  halves.23 

It  is  quite  apparent  that  a  change  in  the  eye  used  for  the  observa- 
tion or  a  change  in  the  field  size  is  not  to  be  tolerated  in  the  standard- 
izing of  lamps  for  color  temperature  unless  the  observer's  visual 
mechanism  be  proven  to  be  considerably  more  symmetrical  in  sen- 
sitivity about  the  median  line  than  is  the  visual  mechanism  of  the 
author.  In  the  absence  of  such  proof  the  lamp  to  be  tested  must  be  a 
true  substitute  for  the  standard  lamp. 

4.  COMPARISON  WITH  THE  PRECISION  OBTAINED  BY  USE  OF  OTHER 

APPARATUS 

Figure  5  shows  a  number  of  average  probable  errors  of  a  single 
observation  on  the  Xc  scale  for  different  conditions  of  observation; 
the  left  scale  referring  to  observations  by  DBJ,  the  right  to  those 
by  IGP. 

It  may  be  first  noted  (beginning  at  the  bottom  of  the  scale)  that 
the  introduction  of  the  translucent  screen  before  the  prism  of  opal 
glass  in  the  new  apparatus  results  in  somewhat  more  precise  observa- 
tion. This  increased  precision  may  either  be  ascribed  to  the  elimina- 
tion of  the  possibly  disturbing  tridimensionality  of  the  field  or  to  the 
fact  that  the  flat  field  (tissue-paper  screen,  or  ground-glass  screen) 
exhibited  a  definite  texture  which  facilitated  fixation  of  the  field. 

Next  may  be  noted  that  (for  both  DBJ  and  IGP)  the  new  apparatus 
is  superior  to  the  Martens  photometer  for  the  purpose  of  standardiz- 
ing lamps  for  color  temperature.  This  result  is  particularly  interest- 
ing because  the  Martens  photometer  has-been  very  satisfactory  for 
other  uses  and  possesses  not  only  a  perfectly  uniform  photometric 
field  with  no  visible  dividing  fine  but  also  a  highly  convenient  method 
of  adjusting  the  brightness.  It  is  possible  to  give  some  analysis  of 
!ii<i  superiority  of  the  new  apparatus  for  observer  DBJ  thus  (1)  from 
Figure  1  the  increased  field  size  from  6°  circular  to  17°  by  20°  rec- 
tangular  accounts  for  much  of  the  superiority  of  the  new  apparatus, 
(2)  from  Figure  3  the  presence  of  a  visible,  light  gray,  dividing  line 
mi  h  the  new  apparatus  is  no  disadvantage,  (3)  from  Table  1  (July  27) 
the  use  of  both  eyes  is  no  advantage  with  the  prism  field,  and  can 
be  much  advantage  with  the  flat  field  (August  1  and  2)  because 
the  decrease  in  probable  error  due  to  the  introduction  of  the  trans- 
:  screen  with  binocular  vision  is  not  great  (0.23  to  0.20  m/x, 
5)  and  is  ascribable  to  two  other  factors  (see  above),  (4)  but 
i  Figure  5  (compare  0.59  with  0.35  m/x)  the  brightness  adjust- 
ment by  the  new  apparatus  is  distinctly  inferior  to  that  of  the  Martens 
ometor,  and  (5)  either  the  necessity  of  keeping  the  eye  at  the 

I  we  iwinv.  nothing  eonoanjing  t  ho  relative  yellow-blue  sensitivity  of  the  portions  of  the  retina 

'- i.V,'.    ,   !!'i  "V1.'!l  r    ,' ch  Here  Pactional  in  the  experiment  because  we  can  not  say  that  the  decrease 

.   .  t    ii  I  in.        it        n        ,  *?$&  w,,h  bjwaed  field  size  is  actually  due  to  partial  compensation  of  the 

[though  that  Is  strongly  suggested).    The  decrease  in  the  difference  between  the  two 

? from  th?d?v  I       1  Wl     a  larger  field  there  is  more  chance  of  the  fixation  P°int  wander- 
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artificial  pupil  or  the  dark  surrounding  field  of  the  Martens  photo- 
meter is  a  considerable  disadvantage  because  (fig.  5)  the  Martens 
photometer  without  its  particularly  convenient  brightness  adjustment 
yielded  an  average  probable  error  higher  (0.59  mM)  than  the  new 
apparatus  for  the  same  field  size.  (Fig.  1  for  6°,  0.45  mM.)  For  this 
observer  the  advantages  of  the  new  apparatus  may,  therefore,  be 
summarized  as  (1)  large  field,  and  (2)  use  of  the  natural  pupil  with 
light  surroundings.     These  two  advantages  more  than  outweigh  the 
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Figure  5. — Comparison  of  the  precision  attained  by  using  the  new 
color  comparator  with  that  attained  by  other  apparatus 

The  characteristics  of  the  Martens  photometer  which  are  responsible  for  its  high 
precision  are  also  summarized  in  contrast  with  those  of  the  new  comparator. 

superior  method  of  brightness  adjustment  of  the  Martens  photometer. 
The  advantage  of  using  both  eyes  with  the  new  apparatus  and  the 
disadvantage  of  the  light  gray  dividing  line  are  alike  without  appre- 
ciable effect  on  precision  for  restricted  periods  of  observation.  How- 
ever, there  seems  to  be  a  distinct  gain  in  comfort  and  relaxation  due 
to  the  use  of  both  eyes  with  the  flat  field.  It  seems  probable  that  an 
observer  might  find  a  significant  gain  in  precision  for  extended  periods 

J4  Although  the  observations  of  IQP  are  not  sufficiently  extensive  to  form  the  basis  for  a  similar  analysis, 
it  is  probable  that  the  conclusions  would  be  similar  except  that  the  advantage  of  increasing  the  field  size 
would  not  be  so  great.    (Fig.  1.) 


1176  Bureau  of  Standards  Journal  of  Research  [voi.b 

of  observation  due  to  the  avoidance  of  fatigue,  but  this  gain  has  not 
yet  been  experimentally  realized. 

The  superiority  of  the  new  apparatus  over  either  the  3°  circular 
field  of  the  rotatory  dispersion  colorimeter  or  the  4°  square  field  of 
Priest's  monochromatic  colorimeter  is  quite  marked,  since  it  yields 
probable  errors  that  are  between  one-half  and  one-third  those  pre- 
viously obtained.  (Fig.  5.) 25  The  design  of  the  new  color  comparator 
has,  therefore,  been  justified  in  a  most  gratifying  way.26 

V.  SUMMARY 

1.  A  preliminary  investigation  of  the  precision  of  color-temperature 
measurements  under  various  observing  conditions  has  resulted  in: 
(a)  Determination  for  two  observers  of  the  probable  error  of  a  single 
observation  as  a  function  of  field  size  (figs.  1  and  2);  (6)  determination 
for  one  observer  of  the  probable  error  of  a  single  observation  as  a 
function  of  width  of  the  line  dividing  the  two  fields  to  be  compared 
(fig.  3);  (c)  determination  for  one  observer  of  the  voltage  of  one 
lamp  required  to  produce  a  color  match  with  another  lamp  at  con- 
stant voltage  as  a  function  of  field  size  for  observation  by  right  eye, 
by  left  eye,  and  by  both  eyes  (fig.  4),  and  (d)  comparison  for  two 
observers  of  the  precision  obtainable  under  various  miscellaneous 
special  conditions  (field  size,  field  shape,  convenience  of  brightness 
adjustment,  surrounding  field  illumination,  fig.  5). 

2.  From  these  determinations  (a)  to  (d)  by  one  or  two  observers  it 
appears  reasonable  to  suppose  that  the  following  generalizations  (a) 
to  (d)  are  true :  (a)  The  larger  the  fields  to  be  compared  as  to  color, 
the  greater  the  precision  of  determination  of  color  temperature;  (6) 
the  closer  together  the  fields  to  be  compared  as  to  color,  the  greater 
the  precision  of  determination  of  color  temperature,  but  if  the  space 
separating  the  areas  is  black,  observation  is  considerably  more  dis- 
turbed than  if  the  space  is  of  about  the  same  color  as  the  areas, 
themselves;  (c)  a  strict  substitution  method  in  comparing  a  test 
lamp  with  a  standard  lamp  as  to  color  temperature  is  imperative 
because  of  serious  variations  in  sensibility  over  the  retina  of  sup- 
posedly normal  observers;  failure  to  use  a  substitution  method  may 

"The  value  for  observer  DB  J  (0.069  m^)  on  the  rotatory  dispersion  colorimeter  was  inferred  from  a  group 
or  140  settings  made  for  the  purpose  of  calibrating  the  lamps  used  throughout  the  experiments  in  terms  of 
color  temperature.  None  of  the  140  settings  were  made  at  the  applied  voltage  to  which  the  other  probable 
errors  refer,  but  the  inferred  value  was  estimated  to  have  the  weight  of  about  40  settings.  There  was  a 
troublesome  red-green  difference  between  the  two  halves  of  the  field  for  high  applied  voltages  (2,848°  K.) 
u  lu.h  became  less  as  the  voltage  decreased.  The  value  for  observer  IGP  (0.083  m/i)  was  obtained  from 
previous  unpublished  work,  as  was  also  the  value  for  the  "satron"  in  terms  of  spectral  centroid.  The 
term,  satron,  was  proposed  by  Priest  in  1927  who  defined  it  as  follows:  "For  colors  of  low  saturation, 
one  satron  Is  the  increment  in  saturation  due  to  an  increment  in  purity  equal  to  P7,  where  P'o,  a  function 
of  dominant  wave  length,  is  taken  as  (Pmax+Pmin)/2  from  the  mean  values  of  Priest  and  Brickwedde.' 
iMncc i  in  the  ool  at  ion  developed  in  this  paper  <Pm.«+.Pmi.,)/2  would  be  written  (Plpd+Pgid)/2,  it  is  appar 
eni  umt  t  in-  satron  Is  a  just  doubtful  difference"  in  saturation  for  unsaturated  colors  observed  undei 
t  ne  con.  in  ions  used  by  Priest  and  Brickwedde,  see  footnote  12,  p.1165.  The  probable  error  of  a  single  observa 
lion  oorrespondins  to  observations  of  such  precision  that  the  "satron"  constitutes  the  "just  doubtfu 
OUlerenoe  was  obtained  by  dividing  the  value  for  the  "satron"  on  the  spectral-centroid  scale  by  3.3 
<  J  ante  *.}  i  he  bet  that  this  probable  error  (0.097  mM)  which  refers  to  the  4°  square  field  of  Priest's  mono 
« mromttia  colorimeter  is  somewhat  greater  than  the  value  (0.083  m/x)  obtained  by  the  same  observer 
- 1  >  lor  i  oe  smaller  field  (8g  circular)  of  the  rotatory  dispersion  colorimeter  may  occasion  some  surprise; 
colon  i.icut  superior  brightness-adjustment  device  incorporated  in  the  rotatory  dispersion 

Inor no  data  referring  to  observer  DBJ  or  observer  IQP  are  available  for  the  Lummer-Brodhun  con 
\,  '  '!  ',"  m"  ,,r'  "/  "T '.comparison  with  the  precision  obtainable  by  this  instrument  is  not  possible 
i  o  <  Porsyi he  (\\ .  E .  Jorsythe,  Accuracy  in  Color  Matching  of  Incandescent  Light  Sources, 
v  »  V^mo  vr"  ,m  !  r  7 S(;1-  W-  ••  pp-  476-*82;  1922)  this  precision  is  quite  high.  The  average  mean 
.,',..,     ,i  "  S^l?8^  distributed  among  seven  observers  indicates  the  probable  error  of  a  single  setting 

:        '    ' . '  mTu  iU" '  SS  lmv,'s!  VlU\?  (°<»inM)  obtained  on  the  new  color  comparator.     The  advantage 

^S^-^tTSSta^?^  bUt  thC  rCSUltS  reP°ned  h6re  W°Uld  SUgg6St  thSt  the  largS 
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cause  errors  in  special  cases  of  more  than  25  times  the  probable  error 
of  a  single  observation;  and  (d)  the  new  color  comparator  which  was 
constructed  during  the  course  of  these  preliminary  measurements 
permits  the  visual  determination  of  color  temperature  with  a  pre- 
cision two  or  three  times  as  great  as  the  instruments  previously  used 
for  this  purpose  at  the  National  Bureau  of  Standards  (Martens 
photometer,  rotatory  dispersion  colorimeter). 

Washington,  September,  1930. 


